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I.   IMTiiODUCTIOl! 

Thn  tomi  "strippinc"  seems  to  have  been  coined  by  Serber  (l) 
when  he  attempted  to  explain  the  work  of  Helmholtz,  et  al  (2),  who 
had  found  that  the  bornbardment  of  various  tarnets  by  190  mev  deuterons 
resulted  in  a  beam  of  neutrons  of  half-i-rLdth  of  about  ten  degrees  in 
the  forward  direction.  This  beam  was  of  a  fairly  well-defined  energy 
in  the  region  of  90  Mev.  Serber  explained  this  beam  by  means  of  a 
simple  model  in  which  the  deuteron  incident  on  the  target  nucleus 
has  the  proton  stripped  off  and  captured,  the  neutron  carrying  away 
half  the  energy  of  the  incident  deuteron.  Serber 's  theory  applies 
equally  well  to  the  case  in  which  the  neutron  is  captured  and  the 
proton  carried  away. 

Others  found  similar  results  that  agreed  vdth  Serber 's  theory. 
Hadley,  et  al  (3),  and  Bruechnor,  et  al  (h) ,   both  measured  the  spectrum 
of  neutrons  from  a  3e  target  using  190  liev  deuterons  and  found  agree- 
ment with  Berber's  theory  to  iidthin  experimental  accuracy.   Chupp, 
et  al  (5),  made  careful  experiments  on  the  spectrum  of  protons  from 
the  (d, p)  reaction  with  the  same  deuteron  beam  and  a  Cu  target.  They 
also  obtained  good  agreement. 

Other  experiments  vrere  done  between  19^9  and  1951  (e.g.,  Allen, 
et  al  (6),  Ammiraju  {?),  Gove  (C),  Schecter  (9))  ^■n.th   energies  between 
the  values  of  lit  and  20  Mev,  measuring  the  angular  distributions  of 
emitted  particles  of  a  greater  or  lesser  unresolved  energy  range,  and 
the  results  compared  vrith  Serber' s  theory.  The  half-widths  and  even 
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tho  shapes  of  the  curves  showed  violnnt  fluctuations  with  the  part  of 
the  enprcy  spectrum  selected.  Gove,  for  exanple,  usin;-;  ih  ::ev  deuterons 
on  a  number  of  tarj^ets  (C,  Al,  etc.)  found  definit"  peaks  for  the  carbon 
reaction  v;hich  did  not  fit  Serber  stripping. 

The  r;reatnst  difficulty  that  lay  in  analyzinfj  tho  data  obtained 
from  deuteron  striooinp  prior  to  19[^1  was  the  poor  enertT  resolution  of 
the  ener-:ent  nucleon  beams;  until  the  ennrf^j   resolution  was  improved  to 
the  point  that  definite  nucleon  croups  could  be  identified  it  was  not 
definitely  knovm  that  each  group  rppresontcd  an  energy  level  in  the 
final  nucleus,  burrows,  ot  al  (lO),  were  the  first  to  obtain  resolved 
ang'ilar  distributions  representing  the  protons  fron  the  ground  state 
reaction  in  0"'"^  using  8  I:ev  deuterons.  These  distributions  showed  con- 
centrations of  protons  at  small  angles  to  the  deuteron  beam  exoected  on 
Berber's  thr^ory,  hut  the  curve  for  the  ground  state  reaction  had  an 
unexpected  decrease  very  close  to  the  fon-fard  direction.  The  cur\^e  for 
the  first  excited  state,  hovrever,  continued  to  rise  with  decreasing 
angle  down  to  the  smallest  angles  measured.  This  can  be  seem  in  the 
0^^  strioping  curves  shorn  in  Section  IV.  ilany  similar  results  were 
obtained  after  this  by  others  with  greater  accuracy,  especially  by  the 
Liverpool  group  with  which  Purrows  v;as  associated  (Ttotblat,  Gibson,  et 
al).  It  was  data  fron  this  group  that  Butler  (11)  first  analyzed  using 
his  strinoinf:  theory,  satisfactorily  explaining  the  foivard  ma:cimum  in 
the  angular  distributions. 


The  strippinf;  theory  that  '^titler  developed  has  been  an  extremely 
useful  tool  in  nuclear  spectroscopy.  The  most  important  application  of 
his  strippin,:  theory  lies  in  the  fact  that  it  enables  the  assif.^ning  of 
spins  and  parities  to  the  levels  of  the  final  nucleus  of  the  stripping 
reaction.  It  is  not  always  possible,  hovrovcr,  to  assipn  a  single  spin 
to  a  level  since  the  selection  niles  may  be  satisfied  by  more  than  one 
value. 

Since  1951,  the  Sutler  theory  has  been  quite  useful  in  analyzing 
data.   Holt  and  Marsham  (12),  in  particular,  did  extensive  stripping 
experiments  with  many  elements.   They  were  able  to  assipn  spins  and 
parities  to  a  number  of  elements  ranging  from  Be  to  Sr  ,  managing 
to  resolve  proton  groups  which  represented  as  high  as  the  eighth  and 
ninth  excited  states  of  isotopes.  Their  results  for  nuclear  spins  and 
parities  fit  well  with  the  shell  model  theory  of  the  nucleus. 

Others  V7ho  obtained  good  results  were  Schect^r  and  King  and 
Parkinson  (13).   r^ing  and  Parkinson  analyzed  tlie  Cl-^"^  (d,p)  reaction, 
subtracting  off  the  background,  and  obtained  an  excellent  fit  with 
thoor;/-.  Schecter,  one  of  the  firnt  to  use  the  Tiutler  analysis  obtained 
good  results  \-ath  a  relatively  high  deuteron  energy  of  20  Mev  in  the 
(d,n)  reaction  of  Pe°  .   :?vans,  et  al  (II4),  also  obtained  good  results. 

Although  the  Sutler  theory  has  had  extremely  good  success  it  has 
had  failures.  The  theory  breaks  down  for  the  case  of  tlie  neutron  ang- 
ular momentum  1=0  when  the  energy  of  the  neutron,  E^,  is  approxi- 
mately equal  to  the  binding  energy  of  the  deuteron.   This  means  a  neg- 
ative Q  value  since  K     =  -  (Q  +  e,),  where  e,  is  the  binding  energy  of 
n  a         a 
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the  deuteron.  An  example  of  this  is  the  analysis  of  yiduleion,  et  al 
(15),  of  the  C"''  (d,n)  reaction.  The  x-esults  are  coiapletely  anonuilous. 
The  nearest  fit  is  obtained  with  an  1  =  1  curve  (it  should  bo  renem- 
bered  that  the  strippint-  theory  holds  for  eitlicr  a  (d,n)  or  a  (d,-)) 
reaction).  The  othcn-;isc  knovm  spins  and  parities  of  the  levels  in 
this  case  taken  tof^ctlier  vrith  the  selection  rules  require  that  1  =0. 
3ut  not  all  the  failures  are  for  the  nes^itive  Q  values.  I'.Vans  and 
Parkinson  (l6)  in  takinf^  the  angular  distributions  for  the  H  {d,p) 
reaction  noticed  that  the  first  excited  state  reaction  for  which  Q  is 
7.13  .Mev  does  not  fit  the  required  Ij^  =  1  curve.  Also  there  is  an 
energy  dependence  that  is  odd  in  this  distribution.  The  curve  moves 

in  closer  and  closer  to  smaller  angles  as  the  enercy  is  decreased. 

19 
Another  puzzle  is  that  of  the  F   (d,p)  reaction.  The  strip- 

20 
ping  reaction  fixes  the  spin  of  the  Ground  state  of  F   as  unity.  This 

value,  however,  is  in  disagreement  vrith  data  from  beta  decay. 

The  Butler  theory  is  not  the  only  theory  that  has  bf^en  presented 
for  strippinR  reactions.   The  others,  notably  the  ones  of  Bhatia,  et 
al  (17),  and  Uaitch  and  French  (l8)  have  been  successful  but  in  es- 
sence are  the  same  as  the  Butler  theory,  the  only  difference  being  in 
the  assumption  of  the  region  of  interaction  or  extent  of  interaction  of 
the  captured  particle  with  the  target  nucleus.  The  "Bhatia  curve"  gives 
essentially  the  same  type  of  distribution  as  the  "I'.utler  curve"  but  the 

radius  required  to  fit  the  Bhatia  theory  is  always  approximately  the 

-13 
order  of  1  x  10    cm  larger  than  that  required  for  the  Butler  theory. 
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The  Daitch  and  ^^ronch  tyioorj'-  is  the  same  nr.  the  i\itlnr  thnoiy  except 
that  there  is  a  multiiilyiriK  factor  which  removes  one  of  the  zeroes 
of  the  Tiutler  distribution. 

The  Butler  theory  completely  neglects  such  effects  as  coulomb 
interaction  and  resonancns.   Tobocman  and  KjiIos  (19)  have  extended 
the  theory  to  include  interactions  with  the  tar^^et  nucleus.  Others, 
such  as  Glauber  (20)j  who  included  diffractive  effects,  and  Thomas  (21), 
who  writes  the  general  matrix  element  for  the  interaction  to  include 
other  effects,  liave  not  altered  the  basic  idea  of  stripping. 

"ven  thou,";h  the  Sutler  theorj'-  has  had  remarkable  success  in 
explainin,^  strippinf-  phenonona  and  correlatinf^  with  nuclear  shell 
models  (up  to  0   the  agreement  is  complete)  the  fact  remains  that  the 
aE^reement  with  experimental  data  is  i^ood  only  in  a  very  limited  rej^ion 
of  the  forv;arc!  peak  of  the  angular  distributions.  ?'ost  of  the  an^n^lar 
distributions  have  been  taken  at  a  single  deuteron  onerpy  and  it  has 
never  been  shown  that  there  is  any  consistency  betvreen  theory  and 
experiment  at  different  deutei-on  enerrios. 

It  is  the  '.lurpose  of  this  invostipation  to  attempt  to  determine 
the  nnerpy  dependence  of  the  anpiQar  distribution  in  stripping  reactions 
and  to  investigate  the  internal  relationships  of  the  simple  (Butler 
t.vpe)  stripping  theories  so  as  to  develop  a  validity  criterion  for  them. 
Further,  it  is  our  purpose  to  apply  such  a  validity  criterion  to  perti- 
nent data  in  order  to  detemine  vrhether  the  enorfy  dependence  predicted 
by  the  theory  is  correct. 


II.  STRiprirn  T'iFO!:ir:s 

A.  Simple  Model. — Throughout  this  work  we  shall  consider  only 
the  (d,p)  reaction.  Also,  we  shall  lot^  =  1. 

A  deuteron  of  momentum  kj  is  incident  on  a  target  nucleus,  A. 
The  deuteron,  passing  close  enough  to  the  nucleus,  disinterrates .  The 
neutron  is  captured  and  the  proton  proceeds  with  momentum  k  .  The 
assauption  is  made  that  the  proton  does  not  interact  with  the  nucleus. 
This  non-interaction  characterizes  the  reaction  known  as  the  stripping 
process.  In  a  non-stripping  or  compound  nucleus  process  the  proton 
would  be  absorbed  into  the  target  along  with  the  neutron  and  then 
re-emitted. 

The  neutron  proceeds  toward  the  nucleus  with  a  moirentum  given 
by 

-A     —    ^^   ~  A^  (1) 


r  ^i]  ^X-  xi^jh^ 


t(yL   ®-  ,    (2) 


where  ^  is  the  angle  between  the  direction  of  the  incident  deuteron 
and  the  direction  of  the  emergent  proton  (see  Fig.  1). 

Acc-ording  to  the  shell  model  theory  of  the  nucleus,  if  the 
neutron  is  to  be  captured  by  the  target  nucleus  it  must  be  captured 
with  quantized  angular  momentum  1  such  that  the  conservation  of 
angular  momentum  law  is  satisfied.  That  is. 
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Pip.   1. — .'limple  stripping  model. 


3: 


-7- 


o 


-p- 


i 


J;  -^A  +  -^  =  Ti.   ,  (3) 


where  J.  is  the  spin  of  the  initial  nucleus,  J.  is  the  spin  of  the 
final  nucleus  and  l/2  is  the  spin  of  tho  neutron. 

Classically,  for  those  neutrons  having  impact  parameter  R  equal 
approximately  to  the  radius  of  A,  we  should  have 


Ir-K 
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Thus,  for  a  fixed  k  and  k  it  v;ould  seem  that  equation  (2)  could  be 

satisfied  only  for  some  definite  angle  8i  .  However,  even  classically 

n 

some  captured  neutrons  will  have  smaller  impact  parameters  than  R  and 

quantum  effects  will  permit  further  latitude.  This  means  tliat  the 

angular  distribution  will  not  be  concentrated  at  a  single  angle  but  will 

actually  be  a  distribution.  The  cross-section  for  the  reaction  will 

contain  a  factor  representing  the  probability  amplitude  that  the 

neutron  possessing  linear  momentum  k  is  found  at  the  nuclear  surface 

with  angular  momentum  1  .  . 
^  n 

?,.   General  Expression  for  the  Ctxiss-section. — The  formal  theory 
for  the  stripping  cross-section  is  derivable  from  the  approximation 
methods  for  time- dependent  problems  in  quantum  mechanics. 

Consider  a  deuteron  incident  on  a  target  nucleus  which  is 
represented  by  a  potential  region  V(r).  The  proton  proceeds  unscathed 
at  an  angle  0  to  the  foi>/ard  direction  while  the  neutiXDn  is  captured  into 


I 


the  potential  region  in  a  bound  state.  The  differential  cross-section 
is  proportional  to  the  transition  probability  per  unit  time  per  unit 
flux  between  the  initial  and  final  state  of  the  deuteron  as  it  enters 
and  leaves  the  potential  region.  Since  the  incident  flux  is  propor- 
tional to  the  velocity  of  the  deuteron  and  hence  to  the  monentmn  k  , 
we  can  write 


^is)        c^   -^      ;  (5) 


where  wJ   is  the  transition  probability  per  unit  tiir.e  between  states. 

The  transition  probability,  £^   ,  is  proportional  to  the  density 
of  final  states  of  the  emerf-^ent  proton,  ^  C'^p)  »  ^"^  ^'^'^  square  of  the 
matrix  element  of  the  perturbation,  |-|   ,  between  the  final  and  initial 
states  of  the  system.  Then, 


where 


(6) 


(7) 


The  J,       and  ^'    are  the  wave  functions  of  the  final  and  initial  states 
^  of  the  system.  The  cross-aection  can  nov;  be  written  in  the  form 

«:*)»<  ^^  I  Hip   .  m 
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Since  f{JZ^)i3  proportional  to  the  final  momentiLti  of  the  proton,  k    , 

»         ^^'^  ^  i  1  H.r .  ■  - 

Assuming  the  nuclear  spin  of  the  initial  nucleus  is  zero,  we  cai 
write,  following  Haitch  and  French, 

iere,  m^,  nip,  m^^  are  the  spin  mapnetic  numbers  for  the  deuteron,  proton 
and  neutron;  m  is  the  orbital  -nagnetic  quantum  numbor  for  the  captured 
neutron.  Since  the  incident  particle  and  target  nucleas  are  not  polar- 
P  ized,  <S   is  averared  over  the  Initial  states  and  summed  over  the  final 

states.  The  sum  over  the  spin  quantum  nunbers  rives  si.-nply  a  factor  of 


three  such  that  the  cross-section  becomes 

-)   \ —   1  I  I  ''  "^ 

(11 : 


where  m^  and  m^  are  the  reduced  masses  of  the  deutei'on  and  proton 
respectively. 

It  is  necessary  now  to  arrive  at  an  expression  for  the  matrix 
jjp  element.     We  assume  the  neutron  is  captured  under  the  influence  of  a 

potential    (assumed  central)  piven  by  y(r)  into  the  one-particle  state 
with  space  dependence 

f(^)      =    R/^)  ^JiJ^,'^)  (12) 
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and  with  binding  energy 
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where  m^^  is  the  reduced  mass  of  the  neutron, 

V.'e  assume  that  as  an  appro/njiiation  the  initial  wave  function  of 
the  system  is  niven  by 

where  s  is  the  internal  coordinate  of  the  deuteron  given  by 

5  =    yTp  —  yf  (13') 

and 


^n 


-tC-.^^) 


is  the  center  of  mass  coordinate  of  the  deuteron.  The  final  wave  function 
of  the  system  is  given  by 

^         The  matrix  element  is  then 


If  we  make  the  substitution 


•^  '-^  -  ^  .  (19a) 


■12- 


and 


/T/  =  .xT  -f  -S_  (19b) 


we  arrive  at 


V(^)  L^-^^  ^  .  (20) 


To  understand  equation  (20)  more  clearly  v;e  refer  to  the  simple  nodel  of 
the  stripping  process  (section  A)  and  consider  it  as  a  two  staf.e  process. 
Firstly,  the  deuteron  disintepirates  and,  secondly,  the  neutron  is  cap- 
tured by  the  target  nucleus.  uTien  the  deuteron  disintegrates  the  neutron 
has  momentum  Y.   with  respect  to  the  center  of  mass  of  the  deuteron.  This 
momentum  is  given  by  (see  ?ig.  2), 

X. 

-f-  (21) 


K  =  K- 


or 


,*v 


The  momentum  of  the  captured  neutron  is 

1-1,  -A       ■  *«' 
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Fip,   2, — Stripping  model  showing  monient)un  K 
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Thu3  we  see  that  we  can  revrri.te  equation  (20)   in  the  form 


H^^r  pcK)Gaj 


(2h) 


where 


D(k3  =   ]%(.^^'^^"  ^^  (25) 


and 


D(K)  expresses  the  probability  that  the  momentum  K   will  be  obtained  from 
the  disinte£;ration  of  the  douteron.  G(k)  expresses  the  probability  that 
a  neutron  of  momentum  k  ariaves  at  the  nuclear  surface  with  the  proper 
angular  nomontum  1  to  be  captured. 

The  cross-section  is  then  fiven  by 


<SC&)  °c   -4^|3)(K)(5(i) 


^. 


(27) 


Before  equation  (27)  can  actually  be  used  for  computation  a 
correction  must  be  made  to  the  neutron  momentum.  The  intepral  in  eouation 
(26)  is  taken  over  the  neutron  coordinates  and  not  over  the  coordinates 
of  the  center  of  mass  of  the  whole  system.  If  the  tar/rot  nucleus  vrere 


» 
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infinitely  heavy  this  would  be  all  right,  but  since  we  cannot  assume 
this  we  must  correct  for  it.  Allowing  for  the  finite  size  of  the 
nucleus  the  momentum  of  the  neutron  is  seen  by  the  center  of  mass  of 
the  final  nucleus  is 


J  =^  ^^  -  ^-^P  (28) 


or 


(see  appendix  for  further  treatment). 

C.  The  Deuteron  Factor,  D(K). — As  v;as  mentioned  in  the  previous 
section,  equation  (25)  expresses  the  probability  anplitude  of  finding  a 
proton  or  neutron  of  momentiun  K  in  the  internal  motion  of  the  deuteron. 
Using  the  1^1  then  wave  function  (22)  for  the  deuteron,  whiich  is  given  by 


(30) 


1  ^      ^    ^^^^     ,     1^-^^         >  (31) 

equation  (25)  can  be  evaluated  to  give 

D(K)  =  'iTiH  [:^rjri<-.-  ^^-J  ^ 


(32) 


where  N  is  the  normalizing  constant. 
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D.  The  Vessel  Function  I^actor,  '■"^(k). — The  intef^ral  in  equation 
(26)  expresses  the  probability  amplitude  for  capturing  a  neutron  into 
the  state  J  ('^j.   By  using  the  expansion 


^XA-^  ^     ■^  ^;^l-,l)^-^^^(A,i-)Pii'-^'>h 


(33) 


where  P^  is  the  Legenrire  polynomial  and  j^  is  the  spherical  bcssol  func- 
tion, the  inton;ral  can  be  evaluated  to  f'ive,  taking  the  axis  of 
quantization  along  the  neutron  nonontum  vector. 


This  equation  can  be  put  into  an  alternative  forir.  This  can  be  done  by 
getting  rid  of  the  V(r)  tenr..  To  do  this  v;e  write  the  radial  equations 
for  the  wave  functions.  For  the  radial  wave  function  outside  the  well 


[-^^U^'^)^X-'-^']M^)  -o   . 


(35) 


Inside  the  v;ell 


AU^jl  _ 


^ 


Vi^)\R/^)    =  O  .  (36) 


Ifultiplying  equation   (3?)  by  R  (r)   and  equation  (3^)   by  j   (kr)   and 
subtracting,  we  obtain 
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^%(-^-^^^^M  -  >-^'if-#^"l  -X/Mw 


^-  ci^\       cU-   "■       )  yt'^  clA       elLi-     J    ■^*t> 


"r^.H^s^iA     +  UW  RjtW^jlCi^)     .      ,37, 

V/e  integrate  over  r,  noticinR  that  the  first  tv;o  terms  drop  out  leaving 
us  with 

■«?K-  where  m^  is  the  reduced  mass  of  the  neutron.  If  we  place  this  result  in 

equation  {3h)   we  get  the  alternative  form  for  G(k), 

E.  Bhatia's  Theory.— To  obtain  3hatia's  result  for  the  cross- 
section  we  evaluate  the  integral  in  the  G  factor  by  making  the  assumption 
that  the  interaction  of  the  neutron  and  the  nucleus  occurs  only  at  some 
particular  R  which  is  equal  to  the  nuclear  radius  plus  the  range  of  the 
--  ,         nuclear  forces;  that  is,  it  is  a  delta  function  interaction.  Thus,  for 
Bhatia's  theory 


qjk]  <  ^j,{Ar)l\/{^)P^x(^)^'^' 


(1.0) 
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or  the  cross-section  is  giv^n  by 


^(-5))  c<_    ^  D\i<)  \f^U^)[  ill) 


F.  Butler's  Thnory. —  To  obtain  the  Hutler  form  for  the  stripping 
cross-section  we  again  start  with  the  G  factor  as  it  is  ^xven   in  equation 

(3)4).  Following  the  same  procedure  outlined  in  part  C  to  obtain  the 
alternate  form  for  the  expression  of  Q   we  arrive  at  the  equation 


t  (i%t^Uw)^,(JU.)R»    =0  .,,,, 


However,  instead  of  integrating  tliis  equation  from  zero  to  infinity  we 

follow  Sutler's  assumption  and  neglect  the  overlap  integral  from 

r  —  r  where  r  is  the  nuclear  radius.  Thus  we  arrive  at 
o       o 


im'    r^w^ 


1^  ii 


Uiil      ^^  (X)  R/^)  ^oLr 


2  vyi 


The  left  hand  side  of  the  equation  may  be  evaluated  so  that 


(13) 


-1?- 


:imi 


"^'R^w^;^.<^)-^V:^(^)-^^. 


w 


*     ,^^ 


r-fcli 


r 


^K 


^^{M^)^j,l'r)Jcir 


ill) 


Jo 


Thp  rif^ht  hand  side  is  seen  to  be  just  the  alternative  form  for  G(k)  so 
that,   disregardinf^  constants 


G>[1)  ^  |R»^f^>  -^.(^)lM   .c-) 


'/r 

0 


In  this  case 


R,W  -  /^/^^^)    . 


(Ii6) 


where  h'  is  the  spherical  hankel  function  of  the  first  kind.  Then, 


» 


-  f^:(-''^-.)i^>^^^') 


(hi) 


G.  Daitch  and  French  Theory. — Tf  the  contribution  to  the  over- 


lap integral  is  not  omitted  for  r  -  r  ,  the  Daitch  and  French  fom  for 


-20- 


the  cross-GGCtion  can  be  obtained.  V/e  define  the  quantity,  which  is 
the  equivalent  of  a  square  potential  well. 


'^ji{MKM)^"oir 


(W) 


Then  it  can  be  shorn  that  the  G  factor  is  piven  by 

Since  the  Rutler  form  for  G  ignores  the  contribution  of  the  overlap  inte- 
gral for  r  £  r  ,  the  intej^ral  in  equation  (Ii9)  is  precisely  the  Butler 
term  for  G.  Thus  the  matruc  element  in  the  Daitch  and  French  form  is 
equivalent  to  that  of  Butler  except  for  the  multiplyini^  factor 


L'   ^\v\  ■  <^°' 

This  extra  factor  does  not  disturb  the  essential  features  of  Butler's 
theory  (the  forward  maximum)  but  it  does  remove  one  of  the  zeroes  of  the 
distribution.  This  occurs  when  the  neutron  momentum  k  equals  an  average 
wave  number  which  a  neutron  couLd  have  when  bound  with  binding  energy 


-t^ 


E .  -  tt;^  (51) 


n 


>7 


-?1- 


I 


and  idth  orbital  anpular  momRntum  1     in  a  viell  of  radius  r   .     The 

n  o 

Daitch  and  French  cross-section  is   then  /p.ven  by 

where  6*0    is  the  cross-section  obtained  in  the   Sutler  case. 


(52) 


H.  Sorber  Stripping. — Tt  can  be  shoim  that  the  expression  p;iven 
in  equation  (27)  is  not  inconsistent  with  Serber  strippinf:,  i.r-,,  high 
energy  stripping.  Consider,  for  sijnplicity,  the  case  of  the  Dhatia 
theory  in  which  case  the  cross-section  is  given  by 

6-((9)  ^  3)"  p(AR]\ 


} 


(53) 


where  D(K)   is  given  by 


m  ^  [ 


c^VK*      y-^K" 


(5U) 


Since  ^  is  large  (  J3=7*<)t   we  drop  the  second  term  in  the  brackets 
for  an  approximation.  Since  high  energy  stripping  is  concerned  with 
energies  of  the  order  of  hundreds  of  !Iev,  the  energy  of  the  emergent 
proton  will  be  large.  At  tliis  energy  it  is  difficult  to  resolve  the 
spectrum  into  a  single  energy.  Thus,  since  the  nuclear  levels  are 
relatively  close  together,  as  compared  to  the  proton  energies,  the  G 
term  in  the  cross-section  will  be  the  sum  of  a  nujnber  of  adjacent 
levels  which  smooths  out  roughly  to  a  constant.  Scrber  cross-section 
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becomos,   approximately. 


^  "^  T 

•6 


3.        1/2^ 


_  «?^  -+-  K  ]      J 


(55) 


which  is  the  form  of  the  observed  distribution  in  high  energy 
stripninp. 


III.      EMKRGY  DEPE:JDF;:ICE  of  the  angular  CISTiinUTIOHS 

AND  VALIDITY  CJ'JTEPJON  FOR  T?IE 

STRIPPING  TIIEORirs 


A.     Validity  Criterion. —The  stripping  ci'osp-section  as  given 
in  section  II  is  expressed  in  the  form 


^c^)  ^  "^DWl^M 


(56) 

where  D(K)  is  the  deuteron  factor  and  G(k)  is  the  neutron  factor.  Only 
those  factors  which  do  not  affect  the  energy  or  angular  dependence  of 
the  cross-section  are  onitted  from  equation  (!^l).  V/e  can  show  that 

G(k)  is  actually  a  function  of  V..     V.'e  start  from  the  equations  for 

2      2 

K  and  k  as  given  by  equations  (29)  and  (22), 


A     ~  J^^  -^  Cylp     -^cA^A^  Ur^(9- 


(57) 


K   -     ^p    -^    Aj      -     Jsp  Aj    CO^  G-    ^  (56) 

where   c  =■  m^/m^.  If  we  multiply  equation  (58)  by  the  factor  2c  and 
subtract  it  from  equation  (57)  we  obtain 

i'-;!ck"  =  {\-^)i]  +  (c^-ac)i^^  .    (59) 

VJriting  equation  (58)  in  terms  of  the  energies  we  pet 

X-:ic\<^  ^  :i[(i-  ■§-)^;e^  "^(^'-•^^)»ipE^     (60) 
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where  m'  and  m'  are  the  reducod  masses  of  the  proton  and  deuteron. 
From  the  conservation  of  enerpy  equation  for  the  reaction  we  know  that 

Substituting  this  in  equation  (60)  we  obtain 

y/-;?c/<'=  »)[(i-x)SE^  t(c^:^c>;(E^4Q)]  (62) 

or 

iy/)^[c-'i.C)q\  (63) 


where 


is  the  total  mass  of  the  system. 
Since  c  =  m./n     we  can  write 


r-^cK'  =  ^^([^0-f)^--^^.(l-i)]E, 


4>yi^(c^Oc)(^ 


(6M 


Thus  we  see  that  the  coefficient  of  E  ,  cancels  out  and  we  are  left  with 


-2^,- 


» 


the  relationship 


X^5ck^  r  :i>,^^^(c^ac)q 


=  :i  yn'^{c-xc)Q 


(65) 


The  neutron  wave  nimibGr,   k,    is  then  directly  expressible  in  terms  of  K. 
The  stripping  cross-section  can  be  written  as 

see)  ^    Jp|  F(K)p  (66) 

and  for  any  narticular  reaction  is  only  a  function  of  k  ,  k  ,  and  K.  If. 

p'  d                      * 

however,  we  define  a  cross-section  such  that 

^           -       -/•    6C^)       J  (67) 


we  see  that 


6"'      ^    I  F(K) 


(68) 


v'e  now  have  a  validity  criterion  for  chocking  experiment  with  theory.  If, 
instead  of  plotting  ^  versus   (5  as  is  done  in  angular  distributions 
or  ^      versus  E  as  is  done  in  excitation  functions,  we  plot  ^       versus 
K,  then  all  curves,  either  angular  distributions  or  excitation  functions 
for  a  given  reaction  should  coincide.  Also,  since  ^   is  a  function  of 
K  only  we  can  investigate  the  energy  dependence  of  the  angular 


-2f^- 


distributions  by  invostipating  K,   v/hich  is   a  function  of  both  F,-,  and    © 
An  expression  for  tiie  ener[::y  dependpncn  of  the  v/irith  of  the  for-vard 
maximiun  can  also  be  obtained  in  tho  same  mannor. 

^.     Knnroy  Dependence  of  the  Anfjular  I'istributions. — i'ccause  it 
is   easier  to  use   enen'ios   than  wave  numbers   in  actual   oractice   the 
remainder  of  this  work  vrill  be  done  in  the  variable  E,    ratiier  than  K, 
where  I^^  is  defined  by 

E,.--     -^ 


K  ~"   ^Wj  (65) 


'o/ 


and  is  an  enerpy  associated  with  K, 


If  we  nick  an  K  on  the  (S   versus  1^,  curve  this  will  be  a 
k  k 

constant  no  matter  how  F^  or  0     varies.   Tf  the  dcuteron  enor/y,  E,, 
is  varied,  Q  will  have  to  chanrR  to  compensate  for  it.  '.-.'e  make  use  of 
this  fact  in  inve.stip;ating  tho  shift  of  the  maximum  of  the  annilur  dis- 
tribution {Q    versus  ©)  with  respect  to  a  change  in  V  .. 

2 
'■.'e  return  to  the  oauation  for  K  which  is  ::iven  by  equation  (b'G), 

V.'e  can  rewrite  this  in  terms  of  enernics  as 

-  \|('J>n^)P»ip)£-p£j  '    ca^&    ,     (70) 

where  the  primes  denote  the  reduced  masses.   Using  the  consei-vationof 
eneri^  equation 

E.  =  E,  +  9  (71) 


■?!■ 


I 


we  RRt 


-^'A  =  ^r(E.+0)  +  yr,;^ 


-\l^;n,;  P7e:t^  c^ 


G- 


(72) 


31-nplifying  and  setting     O^   =     -^i^  we  obtain 

•I'D; 


K  =  (^^i)fa  +^9  -\&\r£jE7^  c^&.(73) 

Since  Ej^  is  a  function  of  both  K^  and  Q   ,   we  can  write 
If  we  choose  Ej^  to  be  a  particxilar  point,  we  have 


(76) 


I 


-26- 
From  equation   (73) 


(77) 


and 


^  =yH:\/E,(E,-9)-  ^^^   .     ,,,, 


Thnn, 


aE-^  +  0 


A^  -    _    (<^^i)-^\nAB,*0)' 


Qj>^G- 


d£^  \1qI  VEd(^d"^9) '  -'^^'^  ^ 


(75) 


Since  the  sine  is  always  positive  in  the  first  or  second  quadrant,  the 
denominator  of  (7?)  will  alviays  be  positive.  It  is  necessary  to  inves- 
tir'^atc  only  the  numerator  of  equation  (7S)  to  determine  the  si.-n  of  the 
variation  of  ©  vri. th  F.^. 

Since  the  cosine  is  negative  in  the  second  quadrant,  the  numer- 

o        d© 

ator  will  always  be  positive  for  an,3les  L^eater  than  90   .     Thus  -Tp- 

will  be  negative  and  the  portion  of  the  angular  distribution  beyond  90 
will  move  in  toward  smaller  annles  for  any  increase  of  E  . 

For  an,f^les  less  than  90°  it  is  simpler  to  plot  the  numerator 
for  various  angles  and  determine  the  enerfry  at  v;liich  it  changes  sif^n. 
To  do  this  vre  set 


I 
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For  convonionce  vie   chanrrp  variables.  If  we  set   Y  r:.  ..~J...  ne   obtain 

The  variation  of  A  with  x  for  various  an^lc'S  is  plotted  in  fipare  3. 

As  an  approximation  a  is  taken  equal  to  one-half. 

From  the  ,':raph  we  see  that  for   S  =0  ,  A  is  nof;ative  until 

n.  X  equals  one;  that  is,  until  E  =•  (?.  Thus   -j-p   would  be  positive 

(the  anftular  dJ.stribution  would  tend  to  shift  to  higher  Q  )   until  E. 

equalled  Q,  at  vrhich  uoint  A  becomes  positive  and  conseauently  ^r=- 

negative.  The  curve  would  then  tend  to  shift  toward  smaller   9   with 

increasinf^  E  ,, 
ci 

The  same  ty^e   of  behavior  occurs  for  fc*  =30  and  ©   =»  60 
except  that  the  cross-over  point  from  minus  to  plus  for  A  is  piilled  in 
toward  lower  deuteron  enerif^ies  (smaller  x).  The  cross-over  point,  and 
hence  the  sifn  reversal  for  the  S   ="30  curve  occurs  at  apuroxi- 
■■^         mately  x  equals  .h;  the  cross-over  point  for   9   =  60  occurs  at 

approximately  x  equals  .05. 

12 
Since  for  the  C   (d,p)  reaction  the  fon-rard  peak  (for  the 

ground  state)  is  between  2^   and  30  degrees  this  means  that  the  peak 
should  move  out  in  the  angular  distribution  until  n,  =  .UQ  or  1.1  IIov, 


Fi,c.   3. — Variation  of  A  v:ith  respect  to  x  for  various  angles. 


i 
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For  ^j  greater  than  this  value  the  peak  should  novo  in  toward  smaller 
d 

ancles. 

Since  angular  distributions  below  about  tvo  Mev  are  unreliable 
due  to  hiph  backn;round  from  coulomb  interactions,    for  all  practical 
purposes  the  anfcular  distribution  curves  would  not  be  reliable  in  show- 
ing this  rovorsinf:  trend.     There  should  be,    a  slight  noticeable  slnift 
toward  smaller  ancles    for  energies   .^reater  than  about  2  Kov,    but  even 
this  might  be  difficult  to  detect  since  the  A  versus  x  curve  flattens 
quickly  after  crossing  the  axis. 

C.  './idth  of  the  Poniard  :'aximum  V  tsus   l^^— To  obtain  an  expres- 
sion for  the  variation  of  the  width  of  the  fonvard  maxijnum  in  the 
angular  distribution  with  rcspect  to  T^^  we  consider  the  cur-ze  in  Vip.   I. 

G       and     ©      are  the  angles  associated  \ri.th  the  half- value  points. 
Keturninc  to  equation  (73)  we  can  solve  for  cos    ©    .     V.'e  obtain 

For     ©      and    &^    we  can  write 

rcr<i.G-  C^t  •:f)Ed  t    g.  Q  -_Ej^_,  (83) 


and 


^  T^  H  EjCEi  +  O) 


^Xj'.   h. — Tyt^ical  stripping  peak  in       (S*  versus      ©      plot. 
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Suhtractj.ng, 

The  above  expression  is  not  an  exproscion  for  the  half-width  but  it  docs 

show  how  the  width  of  the  peak  vaides  with  F;,.     liote  that  :;;,      and  E, 

d  k^     k^ 

are  constants. 

''e  see  fron  equation  (65)  that  the  vd-dth  of  tlie  peak  is  inver.soly 
proportional  to  the  square  root  oi"      £"/(£/  + Cp)   and  is  always  necative. 
Thus,  tlie  peak  sharpens  v.'ith  incroas:!  n{.^  deutcron  enerjrifis.   To  plot 
equation  (63)  vc  chanfce  to  a  new  variable,  u,  =r   -=«^  ,  and  let 

?ip.  5  is  a  plot  of  tlie  width,  V.',  versus  y  vfhere  V,"  has  been 
normalized  to  tlie  value  it  would  have  when  E,  =  Qj  that  is,  y  =>  1  when 
'■l^   =  C.  The  forv:ard  peak  sharpens  quickly  v;ith  incroasinf;  y  (:-^j). 
At  y  equal  to  approximately  2.-',  the  width  of  the  peak  is  ali'nady  half 
the  value  it  would  have  at  the  Q  value,  ^y  the  time  y  reaches  G  the 
peak  width  is  almost  at  a  minimum. 

P.   Summ.ajy. — If  the  annular  distributions  and  excitation 
functions  obtained  from  strippinp^  experinents  are  plotted  in  the  now 
variables,  6   and  K,  they  should  coincide,  if  the  siinple  strippinc 
theories  are  correct.   There  should  be  only  one  characteristic  curve  of 
6   versus  K  for  any  given  reaction  no  matter  what  the  deuteron  enerjo^. 
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Vir',   ^, — Variation  of  the  width  of  the  stripping  pcakj  >/, 
with   y(S^/Q) 


.■5'^- 


Tl.e  £uifTiilrir  distributions   plotted  in  the     tf"      vci-sus      ®        variables 
should  be  observed  to  shift  with  an  increase  in  dcuteron  eneny.      I'^or 

S-     less   than  9o"  the   distribution  should  shift  toward  If-.rf-cr        O- 
until  the  rievitoron  enerfy  reaches  tlie  0  value.     At  that  point  the  dis- 
tribution should   reverse  and  move   in  to   small^-r     Q      vith  incrcasinp;  ?.    . 

a 

The  portion  of  the  annulai-  distribution  lioyond  90     should  always  .T.ove  in 

to  smaller     ©      with  an   increase   of   !:~   . 

u 

The  vddth  of  the  strippinj^  neak  should  decrease  with  an  increase 
in  the  deutrron  enerry.   /■■t  deuteron  enrrfios  around  the  0  vaJ.ue  the 
width  decreases  raoidly  with  incj-easinf  :■:  , .  At  about  li:  ,  =  6Q  the  width 
is  apnroxinately  its  mininun  value. 


IV.  co'TARiso:-!  v;iTi!  EXPi':'jr-:::TAL  iiffl:ji,Ts 

A.  Introduction. —  As  was  pointpd  out  in  section  III,  <S        is 
a  function  of  K  alone.  Thus,  for  the  s?jne  reaction,  all  exp^ririentai 
anrular  distributions  plotted  as  S      versus   ©   for  various  values 
of  ^^  should  coincide  when  rnplottod  as   ^         versus  K.   Also,  the  exci- 
tation functions  when  replotted  in  the  ^       versus  K  variables  should 
coincide  with  the  an.Tular  distributions.   Ideally  then,  there  should  be 
only  one  characteristic  curve  in  the  new  variables  for  data  taken  in  a 
reaction  at  any  drmteron  oner?^/'. 

The  reactions  for  which  enouf:h  data  '..-as  obtainable  to  provide  a 

12 
check  with  theorj-  over  an  energy  ranpe  were  the  C   (d,p)  r;rounci  state 

reaction,  the  O-*-"  (d,p)  /ground  state  and  the  0"^^  (d,p)   first  excited 

state  reaction. 

The  useable  data  for  both  the  oxy,-on  and  carbon  reactions  v;as 

limited  in  quantity.   Firstly,  much  of  the  work  done  was  not  expressed 

in  absolute  cross-sections  which  made  it  impossible  to  use  for  con:par- 

ison  purposes  vrith  the  work  of  others.  Also,  data  was  needed  at  many 

dcuteron  encrf-ies  so  that  a  check  with  the  validity  criterion  over  a 

ranre  of  ener,;ies  could  he  made,  but  very  little  v;ork  was  done  at 

enerfTies  hifrher  than  8  ::ev,  except  for  the  extreme  ran^e  in  the  liundreds 

of  :-:ev  vrh-re  Berber  Htrippinp;  is  characteristic,   '^uch  of  the  work  done 

below  8  ;:ev  was  done  near  t>ie  couloml:i  harrier.  At  enerfjies  near  tJie 

coulomb  barrier  it  is  difficult  t6  interpret  the  data  in  teiTtis  of  simple 
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strippinp.  Compound  nuclnus  effects  and  coulomb  effects  destroy  the 
definite  strippinf  characteristics  of  the  anr^ular  ciintributions. 

"or  exariple,  the  data  of  ^erthelot,  et  al  (23),  for  the  oxyf^en 
(d,p)  rcrction  is  rood  but  the  deutcron  ent-^rry  ranre  is  from  1.:j6  to 
2.2  Mev,  which  is  too  lov:;  also,  he  does  not  [-ivr  absolute  cross-.nfictions, 
Grosskreutz  (2h)  data  is  niven  in  ab-iolute  cross-sections  but  afain  tlie 
eneriTy  rajife  is  too  lov/,  betv;een  1.05  and  2."1  :'!ov.   Since  the  coulo;nb 
barrier  for  o>cyi;en  is  about  3  '''ev,  this  data  is  unreliable  for  strnppinri 
comparisons . 

The  oxyf-en  data  urjed  was  taken  from  th.e  vrork  of  Stratton,  et  al, 
(2?),  Preemar.tle,  ot  al  (26),  and  Hurre,  et  al  (27).   All  curves  except 
the  3.29  Mev  cui've  of  rreomantle  and  the  8  -'ev  curve  of  7'ur{;e  are  from 
Stratton.   }[is  work  covers  a  rtinpe  of  deutcron  energies  between  2.25^  and 
3.6  !!ev  with  an  ezcitstion  curve  beinf^  taken  at  ';'3   (center  of  mass 
coordinators).   The  data  for  the  first  excited  state  reaction  of  oxyp;en 
is  also  taken  from  his  work. 

'■>en  less  usable  work  was  done  for  the  carbon  reaction  than  for 
the  oxyc^nn  reaction.  A,n;ain  the  difficulty  is  that  the  cross-sections 
were  not  r;iven  in  absolute  units  or  that  the  enoroy  rani^'e  of  the  deu- 
tcron was  too  low,  as  in  the  case  of  Koudi.is,  et  al(28).  t!is  ran?'e  of 
deuteron  enerp'ies  is  from  .2  to  .65'  i-'ev. 

The  carbon  data  used  here  is  taken  fron  the  work  of  Ponner,  et  al 
(29),  iiolmgren,  et  al  (30),  and  Rotblat,  ct  al  (31).   The  work  of  Bonner 
is  excellent  in  that  he  works  in  the  deuteron  ener/^y  ran^'e  fron  1.6  to 
6  Mev.  Also,  he  takes  excitation  functions  at  three  anplen,  30,  90,  and 
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ISO  dof^ref>s.  :'ov;c'VPr,  only  one  of  the.   excitation  curvps,  tlr  t  at   30 
dnn^Gfis,  is  used  for  conpr.rirjon  Murponrs. 

n.   .'eplottinc  of  Data. — All  data  was  transferred  into  the  center 
of  mass  system,   '.xcopt  for  the  case  of  the  30  excitation  ciu'vo  of 
^onnrr,  all  trie  cross-soctions  v;ore  alrnaJy  in  t)ie  center  of  rnn.sr  sys- 
tem, as  were  the  scattering:;  angles .   The  dcuteron  energies  were  always 
riven  in  the  lah  system  and  had  to  he  transferred  into  the  center  of 
masr;  systrT..  The  deuteron  enerpies  vfere  translated  to  the  new  system 
hy  the  use  of  the  relation, 


r      —       »i^'       r 


where  K-,  is  new  the  center  of  mass  encrny. 

In  the  case  of  the  30  excitation  curve  of  '^onner,  it  was  nec- 
essary to  translate  the  lab  cross-section  into  tlie  center  of  mass  system. 
To  do  this  use  was  made  of  the  relationship 

LAB       I  I    -^  Y  CXr^G 

V.ie.   center  of  mass  anrle  was  obtained  from 


I 


fse) 


-TQ. 


where 

(69) 


Y    —    I   ^aJUs  Cj      \^ 


'rr\,Ynj.       Ej-^-p 


VJith  all  the   data   in   thn  contpr  of  mass   systpm,    tlie   oxporiinontal 
data  was   renlottefi.  (S  was  obtain(?d  from 


M  p 


6  <  (90) 


where 


[Xi\    ^     >u   —J 

Tnstoad  of  K,    E     was  ur.ed  as   the  othnr  variablp,      K     is   the 
k  k 

cnnrpy  associated  v/ith  the  moirientum  K  and  is   nivon  by 


Ek    =    T^.(E.  +  Q)+-f 


Ej 


?or  an  anfmlar  distribution  of  piven  T  ,  and  C, ,  tho  values  of 
were  raorely  substituted  in  the  equation  and  Ej^  obtained.  :■  Recitation 
functions  were  replotted  usinn  the  samn  equations. 

C.   C   Data.— The  Q  value  of  the  ,';round  state  (d,p)  reaction  of 
C"'"  is  2.72  Mev.  !Isinf;  this  value  in  equation  (52),  we  obtain 


-)iO- 


E,^  .792 £j  +1,^72  -JSGfBjE^^  c^e.c;,: 


!^rom  nour.tioris   (90)  and   (91)   we   !i£.ve 


(9M 


"ip:.  6  is  a  renlot  of  the  excitsition  function  for  the  car!)on 
reaction  taken  fron  the  work  of  'bnner  and  extends  in  nncvry   raxi-'e  from 
?-^   =  1.6  to  '^^  =■  6  'ev  at  an  anfle  of  30     in  the  laboratory  system, 
"ven  thouFh  K^  was  taken  over  a  fairly  lar^e  ranre  of  values,  ■■:  ,  when 
computed,  is  over  a  short  ranre.   This  is  seen  from  equation  (92). 
r^  is  relatively  insensitive  to  ''^  at  small  anrles.   Ho  stripping  peak 
would  he  aponi-ent  due  to  the  limited  ranre  of  F,  .   The  total  ranro  of 
the  excitation  cur-vo  (Fi;-.  6)  as  compared  to  that  of  an  an;-ular  distri- 
bution plot  is  sh.own  in  Fip.  7.   The  shaded  section  is  the  excitation 
function.  The  dashed  line  shovm  in  ''"ir.  6  is  the  avera(^e  over  the 
resonances  anci,  if  t'ne  simple  striopinf  theories  were  correct  should 
follow  the  replotted  anp;ul;ir  distributions  exactly. 

It  is  irnmediately  appf.rent  that  the  strippinf]  theoi-ies  are  inad- 
equate since  there  are  a  number  of  resonances  showinc  on  the  excitation 
curve.  The  simple  strippinr  theories  make  no  mention  of  resonances. 
The  resonances  shovm  in  Fir.  6  are  apparently  from  the  compound  nucleus 
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Fir.  6.  —  '-.xcitation  function  of  tho  C       (d,p),    nround  state 

S         versus       E  ^^    . 


reaction,    at      G      =30     plottf?(i  as 
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^ip.   7  is  a  replot  of  the  2.8li  ?!ev,  3.02  Kov  and  3.20  Xev  curves 
of  Bonner,  et  al.  These  curves  bracket  the  3  •''-pv  retionance  in  H   as  is 
shovm  by  the  variation  of  their  maxima  with  E,.  Thiis  3  Mev  resonance 
peak  can  be  seen  in  Fig,  6.  It  is  the  larce  peak  occurring  at  approxi- 
mately K,  =•  1.22  Mcv.   The  dotted  line  in  "ip.  6  corresponds  to  the 
bottom  of  the  shaded  portion  seen  in  Fir.  7.  Theoretically  the  excita- 
tion function  should  have  the  same  slope  as  the  anp;ular  distributions 
when  plotted  as  S       versus  F-  .   It  does  soem  to  exhibit  this  charac- 

K 

trristic   to  some  decree . 

The   thrre  curves   in   Fif.   7   do   not  coincide   as   nredicted  by   the 
simple   strinoin,™   theories.      At  the  sann   F,  ,    the   forward  maxima   do   seem 
to   he  closely  aliened.      T)ie  secondary  maxima  seem  to   sriift  out  with 
higher  F, .      Th.is  would   tend   to  indicate  a  departure    from  stripnint';. 
These  peaJ<s,    arc  probably  due   to  other   procesnos   than  strippinr,    most 
likely  from  com.pound  nucleus   formation.     We  are  most  intero.sted  in  t.he 
forv;ard  or  strippinp;  peak. 

Fif!.   G  shews   the  Li.20  !'ev,   14.09   Fev   and  3.75   Fev  curves   of 
Ponner   replotted  in   the  new  variables.      These  cun/es   center  about  the 
Ii.OO  .'lev   resonance  of  H      .      The   sam.o   ;{eneral  considerations   that   appl^' 
to  Fip.    7   also   apoly  here. 

Conner  attemoted  to  make  an  analysis  of  this   Ij.OO  Mev  rt'sonance 

to  determine  the  origin  of  the   resonances.      He  assiimed  the  crosL--section 

to  be  the  souarc  of  an  amplitude   that  had   two  parts,    a  non- resonant   t^art, 

^Q       ,    and  a   resonant,        6".       ,   which  obeved  the   l^rcit-'.irner  formula. 
D  r 

He  assumed  that  there  was   a  ))hase   difference,    a  i^)  ,   between   the   two 
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Fip.  7.--AntTilar  distributions  of  the  C   (d,p),  ground  state 
reaction,  at  deuteron  energies  near  3  Kev   plotted  as   tf"    versus  E 
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Fi-'.  8.— Angular  distributions  of  the  C   (d,p),  c^o'ind  state 

rr-iAction,  at  dnuteron  enerpies  near  h   Mev  plotted  as  <S        versus  E     . 
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comnonents.     According  to  Bonner  the  cross-section  could  be  written 


^^r^r)-^-k'r 


(93) 


where  E^  ig  the  enenry  of  the  resonance,  and   P        the  width  of  the 
peak.  An  analysis  of  the  h.OO  Mev  resonance  data  of  the  carbon  reaction 
indicated  that  the  resonance  was  one  in  the  compound  nucleus  N"^  . 

Fig.  9  shov;s  a  comparison  of  the  b.S'l  jMev  curve  of  Bonner  v.-ith 
the  5  y.QV   curve  of  Rotblat  and  the  3.29  Mev  curve  of  Holmgren,  et  al. 
The  [i.5l  curve  of  Bonner  and  the  3.29  Hev  curve  of  HolmRren  v.-ere  used 
for  comparison  purposes  because  both  of  them  are  off  re.-^onance.  The 
intention  was  to  obtain  an  enerjy  spread  to  determine  the  extent  of 
correlation  of  the  curves  over  a  ranpe  of  E^.   Again  the  shaded  section 
is  the  averaged-over  excitation  function,  the  one  mentioned  proviously 
(see  Fig,  6). 

It  is  interesting  to  note  that  the  Ij.Sl  Mev  curve  of  Bonner  has 
a  secondary  maximum  that  seems  to  be  out  of  place.   The  first  sugges- 
tion of  this  maximum  occurs  in  the  3.29  Hev  curve  in  Fig.  7  and  proceeds 
to  become  more  pronounced  with  higher  deuteron  encrf^.  ifnfortunately 
there  is  no  data  available  about  the  h  .$1  I'.cv   curve  to  determine  the 
extent  of  the  peak.  At  first  glance  it  might  seem  that  this  maximum 
is  due  to  some  state  mixing,  but  a  Dutler  analysis  was  made  to  deter- 
mine the  existence  of  this  maximum.  Acconiing  to  the  analysis  the 
maximum  is  in  approximately  the  proper  place  for  a  secondary  stripping 
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Fip.  "^  .--.\nrular  (listrihutions  of  the  C        (d,p),    p:round  state 

reaction,    over  a  vri.de   ranpn  of  deuteron  enorfies   plotted  as  iS" 

versus      E^ 
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maximum.  It  is  probablo  that  at  lower  deuteron  ener-'ies  othnr  effects, 
Drrdoninatr'ly  coulonb  and  cor.pound  nucleus  effects,  Piive  a  background 
that  swanps  this  peak  so  thet  it  is  not  noticeable. 

The  8  ::ev  curve  of  .-iotblat  e^Lhihits  the  characteristics  of 
Berber  strinpin".  A  check  was  made  to  detennino  this.  The  St-rber 
cross-section  is  f^iven  by,  in  the  new  variables. 


^(K)cx: 


^^-f-  k' 


(5a) 


whore 


(95) 


2 
K  was  expressed  in  terms  of  F.y.   by 


K      =   «P  >n'  E^        .  (96) 


The  dotted  cui-ve  sho\-m   in  ''^ir:.  9  is  the  theoretical  curve  for  the  8  I'ev 

data  in  terms  of  the  fiorber  crosn-section  and  normalized  arbitrarily  at 

the  ooint  E  =  2  ilev.  There  is  definite  indication  of  Serber  tyoe 
k 

stripping. 

It  is  obvious  from  the  data  shown  for  the  carbon  (d,p)  reaction 
that  there  is  an  energy  dependent  factor  missinf^  in  the  cross-section 
expression  f^iven  by  the  simple  strippinf^  theories,  Fi,'.  9  also  indicates 


-!:P- 


thfijx'  should  bo  a  tr;inr5itlon  rofion  bot:-7non  the  Hutlnr  strippin;:  and 
thf?  Scrbnr  strippinn.  !!or;t  p:x)bably  this  transition  cones   about  when 
the  onnrr';','-  resolution  of  tho  oxpcrimrint  is  ooor  such  that  the  proton 
rnorf'irs  sploctou  are  not  thosr;  duo  to  a  sinfle  I'-'vel  in  the  final 
niiclcus. 

n.   0   Data  for  '."Iround  ^tnto  ilcaction, — The  Q  valun  for  the 
Piround  stato  reaction  is  1.92  !!cv.   "'sinf  this  valuo,  equation  (92) 
for  K  boconos 

K 


E^^=  .78)3Ej  +  l.02  -.729\|Ej(fjt(?)'  CM.G. 


(?7) 


7ho.   cross-section  expression  is 

o 

^ir.   10  shows   thn   renlottnd  anfoilar  distributions  of  the   2.65 
I'.ev,    3.01  I'ev  and  3.21)   "'ov  cur'/es  of  Stratton,    et  al   taken  around   the 
3.00  !'rv  resonance  of  F      .      Tl;e  small   curve  that  cuts    throuf^h  the  three 
sjii'VLlp.r  distribution  curves   is   the  excitation  function.      Since  the   rauige 
of  deuteron  energies  was   small,    2.2^   to  3.fi  "'cv,    it  was   inpossiblo   to 
averape  over  tlie   resonances   in  the  excitation  cui-vc   for  any  j^reat  vari- 
ation of   ':'.^,   but  it  is   apparent  that   the  peak  of  the   anf/ular  distribu- 
tions  do   rise  and   fall  with  the   first  naximum  of  the  excitation  curve 


Fie.  10. — Annular  distributions  of  the  0   (cl,p),  fjround  state 
^  reaction,  at  deuteron  energies  near  3  !iev  plotted  as    Q         versus  £* 
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which  is  the  3  ■"'•ie'v  resonance  of  F^  .  Tlie  prim,-:ry  maiciina,  the  stripping 
maxima,  am   fairly  v;nll  alipncd  indicating  tlic;  predominance  of  strippinn, 
but  the  secondary  maxima  are  shifted  relative  to  one  another. 

'"'if.  11  shows  a  comparison  of  anf'ular  distributions  over  a  range 
of  values  of  E  ,.   The  19  -lev  curve  is  taken  from  the  work  of  Freomantle 
ot  al,  the  7.73  "'ev  curve  from  the  work  of  nurj'o  et  al,  and  tlie  2.65 
Kov  cui"vo  from  the  vrork  of  Stratton  et  al.  The  first  rnaxdjmim  of  the 
7.73  -ifiv  curve  is  shifted  too  far  to  the  rip;ht  which  may  be  an  error  in 
the  data  of  Biirpe  rather  than  the  peculiarity  of  the  distribution. 
This  same  curve  is  reported  in  two  different  .loumals,  once  as  an  8  I'ev 
curve  and  once  as  a  7.73  'iev  curve.  Th.e  data  for  the  8  "ev  curve  was 
renlotted  and  it  does  hfive  its  maximum  at  approximately  the  same  F,  as 
the  2.6$  I-!ev  curve.  This  would  seem  more  reasonable.  It  would  be 
worth  pointing  out  here  that  a  Butler  analysis  could  be  made  to  fit 
either  the  8  :!ov  curve  or  the  7.73  Hpv  curve,  depending  on  the  value  of 
the  nuclear  radius  taken.  This  would  tend  to  indicate  the  arbitrari- 
ness of  the  simple  stripping  theories  and  points  up  the  use  of  the  new 

(5"    and  E  variables.   If  there  is  consistency  between  the  theory 
and  experiment  then  there  should  be  only  one  Butler  analysis  neces- 
sarj'  for  the  angular  distributions  taken  at  any  deuteron  energies. 
Thus,  poor  data  could  be  detected  imrtiediately.  It  would  not  coincide 
with  data  at  other  energies. 

The  19  Mev  curve  exliibits  some  of  the  characteristics  of  Serber 
stripping.  A  check  vms  made  on  this  in  the  same  manner  as  the  one  made 
for  the  8  Mev  curve  of  carbon.  The  results  are  shown  by  the  dotted 


FiF.  ll.-An.-iilar  ciistributions  of  the  0^^  (d,p),    ground  state 
^  reaction,    over  a  vide  ran-e  of  deuteron  enerfrics  plotted  as    ^  '    versus    E" 
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-52- 
line  in  "^ip.  11,     It  is  seen  that  t,here  is  much  evidence  of  Serber 
stripping. 

".     0       First  Fjccited  State  Data.  — Tliis   reaction  has  a  Q  value 
of  l.Oli  I  lev.     Kquation  (92)  bocomns 

E^  =  .7^/5  Ej  +.553  -j:i'i{EJ£^^  C^  q  .  (99) 

The  cross-section  becomes 


1 


7-^        e  .  (100) 


^d 


Fig.  12  shows  the  replotted  angular  distributions  taken  from 
the  work  of  Stratton  et  al,  for  the  first  excited  state  (d,p)  reaction 
in  oxy?^en.  The  three  curves  shown  are  the  3.01  Mev,  the  3.25  Mev  and 

the  3.)43  Mev  curves.  These  curves  are  centered  around  the  3.25  Mev 

18 
resonance  in  Fl   .  There  is  much  evidence  of  stripping  here  as  is 

shown  by  the  fact  that  all  the  curves  coincide.  It  is  also  interesting 
to  note  that  the  maximum  observed  for  the  ground  state  reaction  toward 
^  higher  Ej^  (around  5  Mev)  is  missing.  This  would  indicate  predominate 

stripping  for  this  reaction  at  this  energy. 

Fig.  13  shows  three  angular  distributions  for  the  first  ex- 
cited state  reaction  at  various  energies.  The  curves  are  the  19  Mev 
curve  of  Freemantle  et  al,  the  7.73  Kev  curve  of  Burge  et  al,  and  the 


^ii-;.  12. — Anj^ilar  distributions  of  the  0   (ci,p),  first  excited 
state  reaction,  at  deuteron  enerpios  near  3  i'''v  as  plotted  <o   versus 
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^ip.  13. — An^^lar  distrihutiona  of  the  0   (d,p),  first  excited 
state  reaction,  over  a  vfide  ran^c  of  deuteron  enerpies  plotted  as   to 
versus   c^   , 
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2.65  !Iev  curve  of  Stratton  et  al.  There  is  a  noticeable  shift  of  the 
curves  toward  higher  E,  with  an  increase  in  IC,.  As  before  we  do  not 
put  too  much  faith  in  the  7.73  Hev  curve  of  ^urge.  Unfortunately  the 
19  Mev  data  is  not  extensive  enough  to  determine  v;hcther  it  would 
follow  the  7.73  !'fiv  curve  or  the  2.6^  Mev  curve.  From  the  secondary 
maxima  we  would  infer  that  there  is  a  definite  shift  toward  higher  E, 
with  increasing  deuteron  energy.  This  would  indicate  there  is  another 
energy  dependent  factor  missing  from  the  cross-section.  This  is  doubt- 
ful, however,  since  this  does  not  show  up  for  the  other  replotted  data. 

F.  Analysis  of  the  Experimental  Curves. — An  analysis  was  made 

12 

of  the  h,5l  Mev  angular  distribution  for  C   (d,p)  reaction  and  the 

3.U3  'fev  angular  distribution  curve  for  the  ground  state  reaction  in 
the  0   (d,p)  reaction.  Three  theoretical  analysis  were  made  for  each 
curve,  one  using  the  Butler  theory,  one  using  the  Bhatia  theory  and  one 
using  the  Daitch  and  French  theory.  As  was  pointed  out  in  section  II, 
the  three  theories  are  derived  from  the  Bom  approximation  for  the 
cross-section  and  are  similar  except  in  their  assumptions  for  the  eval- 
uation of  the  G(k)  factor  in  the  cross-section  expression.  Since  the 
experimental  curves  were  all  replotted  in  terms  of  ^        and  E  ,  the 
theoretical  curves  were  also  plotted  in  these  terms.  Since  each  of  the 
three  theoretical  versions  of  the  theory  predict  that   ^   is  a 
function  of  F-  only,  then  one  theoretical  curve  plotted  in  each  reaction 
should,  of  course,  fit  all  the  data  for  that  reaction. 

Disregarding  the  constants,  the  cross-sections  are  given  by,  for 
the  Butler  theory. 
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for  the  Bhatia  theory. 
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and  for  the  Daitch  and  French  theory, 


(^        = 


BUTL£R 


(103) 


The  significance  and  definition  of  the  various  parameters  involved  were 
given  in  section  II. 


G.  Comparison  of  Carbon  Data  with  Theory.— The  h.5l  Kev  angular 
distribution  curve  of  Bonner  was  chosen  as  the  experimental  curve  of  the 
carbon  reaction  to  analyze  because  of  the  secondary  peak  that  seems  out 
of  place.  The  theoretical  curves  were  normalized  to  the  peak  of  the 
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X 

experimental  curve  so  that  the   — j*  factor  employed  in  the  tranafor- 

raation  from      ^   to   g    was  not  employed.  A  single  radius,  that 

fitting  the  Butler  curve  to  the  data,  was  used  for  the  three  theoretical 

.         cunres.  The  Butler  curve  was  chosen  as  the  primary  reference  mainly 

because  of  the  success  of  the  theory  in  previous  analysis. 

The  theoretical  curves  shown  are  the  ones  for  which  1=1. 

n    * 

which  is  the  value  that  1  should  have  according  to  the  shell  model 

13 
theory  since  C   is  formed  by  adding  the  neutron  in  the  Ip  shell. 

Fir.  Ill  shows  the  comparison  between  the  three  theoretical  curves  and 
the  experimental  curve.  Both  the  Bhatia  curve  and  the  Daitch  and  French 
curve  are  shifted  toward  higher  F^.  The  Butler  theory  seems  to  pro- 
duce  a  valid  curve  only  for  a  small  region  near  the  maximum  of  the 
fon^ard  peak.  The  Butler  curve  shows  the  secondary  maximum  of  the 
expeiTjnental  curve  but  it  is  shifted  slightly  toward  higher  E.  .  The 
Daitch  and  French  curve  completely  lacks  the  secondary  maximum  in  the 
proper  range.  If  the  Bhatia  curve  were  shifted  to  the  left  (larger 
nuclear  radius),  it  would  also  exhibit  the  secondary  maximum  that  the 
Butler  curve  shows,  but  the  nuclear  radius  necessary  to  do  this  would 
be  much  larger  than  normally  estimated.  As  it  is,  the  radius  neces- 
sary to  fit  the  Butler  curve  to  the  experimental  data  is  6  x  10~   cm, 
9         which  is  much  too  large  compared  to  the  value  obtained  from  neutron 

scattering  experiments.  The  Bhatia  curve  requires  a  radius  of 

-13 
7  X  10    cm  to  fit  the  experimental  data.  The  radius  necessary  to  fit 

the  Daitch  and  French  curve  is  approximately  the  same  as  that  needed 

for  the  Bhatia  curve.  In  the  calculations  of  neutron  cross-sections  of 


Fir;,  lii. — Comparison  of  the  theoretical  anijular  distribution 
curves  and  the  ij.Sl  Hev  experimental  angular  distribution  curve  of  the 

■  C   (d,p),  ground  state  reaction,  plotted  as   ^        versus    £^  for 
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a  radius  of  6  x  10    cm. 
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lli  Mev  neutrons  scattered  from  light  elements.  Coon  et  al  (32),  found 

that  carbon  should  have  a  radius  of  3,9  x  lO"-^-^  cm.  Xiddleton,  in 

12 
analyzing  the  C   (d,n)  reaction  found  the  radius  of  carbon  to  be 

h.5  X  10"   cm.  This  is  the  sane  order  of  magnitude  as  that  found  by- 
Holt  and  Marsham  from  stripping  reaction  analyses.  They  indicate  that 
the  radius  should  be  h.l  x  10"^  cm. 

The  radius  obtained  from  the  L.^l  Kev  curve  analysis  is  higher 
than  should  be  expected,  it  seems,  even  from  a  Butler  analysis.  This 
is  not  too  difficult  to  understand,  however,  when  it  is  noticed  that 
the  Butler  radius  is  very  sensitive  to  the  position  of  the  forward 
maximum.  Thus,  different  data  could  give  different  results. 

An  interesting  point  presents  itself  in  the  Daitch  and  French 
analysis.  The  term  which  multiplies  the  Butler  cross-section  and  which 
signifies  the  resultant  difference  between  the  theories  can  be  used  for 
an  estimate  of  the  nuclear  well  depth,  assuming  as  Daitch  and  French 
does,  a  square  well.  This  term  is  given  by 


J^Vi^  (loh) 


The  zero  of  this  is 


X  ='  ^n'v  -t" 


(105) 


where  k  is  the  value  for  which  the  Butler  theory  has  one  of  its  zeroes 
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(depending  on  the  shell  number).  Knowing  the  value  of  k^  we  can  solve 
the  equation  for  V.  V/hen,  for  the  carbon  (d,p)  reaction  the  value  of 
kg  is  substituted,  the  potential  well  comes  out  to  be  about  10  Mev, 
This  is  certainly  too  shallow  for  a  nuclear  potential  well  and  can  only 
point  up  the  fact  that  the  theory  is  inadequate  either  in  its  assump- 
tions or  its  evaluation. 

H.  Comparison  of  Oxygen  Data  with  Theory. — The  same  type  of 
theoretical  analysis  was  done  for  the  oxygen  ground  state  and  oxygen 
first  excited  state  reactions  as  was  done  for  the  carbon.  The  experi- 
mental curve  used  for  comparison  in  the  ground  state  reaction  was  the 
3.[i3  Mev  curve  of  Stratton.  The  1  value  necessary  to  make  the  Butler 
curve  fit  the  data  is  two,  which  is  as  it  should  be  according  to  the 
shell  model  theory  of  the  nucleus.  The  neutron  added  to  0   goes  into 
the  Id  state. 

As  can  be  seen  from  Fig.  1$,   with  the  Butler  curve  adjusted  to 
experimentfiil  data  the  Bhatia  and  Daitch  and  French  calculations  are 
shifted  toward  E,  ,  The  nuclear  radius  that  was  fotind  necessary  to  fit 

the  experimental  data  for  the  oxygen  reaction  is  more  reasonable  than 
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that  necessary  to  fit  the  carbon  data.  The  radius  is  5  x  10    cm. 

To  make  the  Bhatia  curve  fit  it  is  necessary  to  have  a  radius  of 

6  X  lO"   cm.  The  Daitch  and  French  curve  requires  a  radius  of 

6  X  lO"-'-^,  also.  The  radius  of  oxygen,  taken  from  the  neutron  scat- 

-13 
terihg  experiments  of  Coon  is  ii.3  x  10  -^  cm.  Holt  and  Marsham  indi- 

-13 
cate  that  the  radius  should  be  5.1  x  10    cm. 


Fig.  1$. — Comparison  of  the  theoretical  angular  distribution 
curves  and  the  3 .'13  Mev  experimental  angular  distribution  curve  of  the 
0       (d,p),    ground  state  reaction,   plotted  as      ^         versus        c^      for 
a  radius  $  x  10"      cm. 
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The  secondary  hump  does  not  fall  at  all  within  the  experi- 
mental curve,  but  this  luiEht  be  expected  since  at  these  low  energies 
the  secondary  stripping  maximum  is  swamped  by  the  background.  Also, 
coulomb  effects  destroy  the  predominant  stripping  characteristics  of 
the  curve.  The  secondary  maximum  exhibited  here  is  probably  due  to 
the  compound  nucleus  rather  than  stripping.  It  is  seen  in  almost  all 
stripping  curves. 

The  analysis  of  the  3.Ij3  Mev   first  excited  state  curve  of 
Stratton  presented  somewhat  of  an  anomaly  on  analysis.  (Sf^e  Fip;.  l6) 
The  1  value  necessary  to  fit  the  experimental  data  is  correct.  It 
l3  \  "   0»  which  corresponds  to  the  neutron  being  added  in  an  s  state. 
It  was  assumed  that  the  radius  which  fitted  the  ground  state  reaction 
should  also  fit  the  first  excited  state  reaction,  especially  since 
the  data  was  taken  by  the  same  author  under  the  same  conditions.  This 
turned  out  to  be  untrue.   The  radius  of  5  x  10"^^  cm  which  is  correct 
for  the  ground  state  reaction  is  too  small  for  the  first  excited 

state  reaction.  Fir.  l6  shows  the  comparison  of  the  stripping  theories, 
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using  the  radius  5  x  10    cm.  It  was  necessary  to  assume  a  radius  of 

6.5  X  10    cm  to  fit  the  experimental  data.  The  Bhatia  curve  requires 
a  radius  of  9.5  x  lO"-'"^  cm  to  fit.  The  Daitch  and  French  curve  could 
not  be  drawn.  The  zero  that  is  removed  by  the  Daitch  and  French  term  in 
the  expression  for  the  cross-section  could  not  be  computed  since  it  was 
not  possible  to  obtain  a  value  for  k^.  In  this  case  it  is  the  second 
zero  and  not  the  first  which  is  removed  since  the  neutron  is  added  in 
the  2s  state;  that  is,  the  shell  number  is  two. 


Fig.   16. — Comparison  of  the  theoretical  angular  distribution 
curves  and  the  3.ti3  -'ev  experimental  angular  distribution  curve  of 
the  0       (d,p),   first  excited  state  reaction  plotted,   as      C        versus 


u^,      for  a  radius  of  5  x  10 
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V.  CO?ICLUSinNS 

The  simple  stripping  theories  agree  vdth  experimental  results 
only  in  a  limited  region  around  the  maximum  in  the  forward  direction 
of  the  angular  distributions.  There  are  more  effects  occurring  than 
the  simple  stripping  as  is  evidenced  by  the  deviations  of  the  experi- 
mental curves  from  the  theoretical  curves.  These  deviations  are  due  to 
the  exclusion  of  the  compound  nucleus  and  proton  nucleus  interaction  in 
the  simple  theories. 

As  vras  shovm  in  section  II  the  best  criterion  for  testing 
whether  stripping  predominates  in  a  reaction  is  the  plotting  of  both 
the  angular  distributions  and  excitation  functions  in  the  new  vari- 
ables €       versus  Ej^.  If  simple  stripping  is  predominant  the  curves 
should  coincide.  In  the  cases  ve  have  just  investigated,  the  curves 
could  not  possibly  coincide  due  to  the  non-inclusion  of  the  resonances 
in  the  compound  nucleus.   Nevertheless,  in  the  new  variables  the 
excitation  function  should  fail  vrithin  the  extreme  boundaries  of  the 
ajigular  distributions. 

V/e  notice  there  is  some  alignment  d"  the  forward  peaks  in  all 
the  replotted  angular  distributions  except  for  the  first  excited  state 
of  oxyKen.  There  is  a  definite  shift  of  the  curves  with  energy.  This 
would  tend  to  indicate  there  is  an  energy  dependent  factor  missing 
from  the  stripping  theories,  at  least  for  this  reaction. 

The  experimental  data  is  not  extensive  enough  to  see  much  of  a 
general  trend  in  the  comparison  as  shown  in  section  III,  This  could 
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be  remedied  in  two  ways.  Firstly,  the  angular  distributions  should  be 
taken  at  small  deuteron  energy  intervals  over  a  range  of,  say,  from 
the  Q  value  of  the  reaction  investigated  to  the  point  where  Serber 
stripping  becomes  noticeable.  Also,  the  excitation  function  should  be 
taken  over  this  entire  ranf^e  of  energies  at  several  angles  from  zero 
to  180  so  that  a  correlation  could  be  made  with  the  angular  distribu- 
tions when  plotted  in  the   6   versus  E  variables.  Secondly,  if 
data  can  be  taken  only  over  a  limited  range  of  deuteron  energies,  it 
should  be  taken  where  stripping  would  be  most  noticeable.  Since,  as 
equation  (85)  shows,  the  width  of  the  forward  peak  decreases  vath 
increasing  deuteron  energy  the  curves  should  be  taken  so  that  the 
width  is  at  least  twice  as  great  as  that  at  the  Q  value.  Also,  data 
should  be  taken  so  that  the  angular  distribution  curves  are  at 
energies  well  above  the  coulomb  barrier  and  where  the  peak  cross-section 
is  large  enough  so  that  any  secondary  maximum  due  to  stripping  will  not 
be  swamped  in  the  background. 

In  conclusion  it  should  be  pointed  out  that  even  though  the 
simple  stripping  theories  do  allow  one  to  assign  spin-parities  to 
nuclear  levels  and  these  agree  well  with  the  shell  model  of  the  nucle- 
us, the  theory  should  be  used  with  some  caution. 


APPENDIX 

A.  Initial  and  Final  Systems.— For  a  better  understanding  of 
the  stripping  process  and  the  moinentuin  vectors  K  and  k  we  consider  the 
initial  and  final  systems  of  the  strippinf?  process. 

In  the  initial  system  the  deuteron  is  moving  with  momentum  k^ 

d 

and  the  target  nucleus  moving  with  momentujn  -k^  with  respect  to  the 
center  of  mass  of  the  whole  system.  The  velocity  of  the  deuteron  in 
this  center  of  mass  system  is 


and 


—1         »--l        -rJ 


(106) 


(107) 


is  the  momentum. 
Hence, 


^  -5^(^-4) 


(106) 


is  the  velocity  of  the  neutron  in  the  center  of  mass  system.  Now,  the 
velocity  of  the  neutron  relative  to  the  center  of  mass  of  the  deuteron  is 


"^v,'  =^   "^  -^  '^"'i 
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^. 


and 


9  Thus,  K  is  the  momentuin  of  the  neutron  as  viewed  from  the  center  of 

mass  of  the  deuteron.  p(.K)\    is  the  probability  that  the  deu- 
teron  moving  with  momentum  k^  will  ernit  a  neutron  with  momentum 

A  -  Je^  -^^  .  (HI) 

(This  is  virtual  emission  since  the  energy  is  not  conserved  thou  ph 
momentum  is . 


In  the  final  system  the  proton  is  inovinp  with  momentum  k  and 

P 
the  product  nucleus,  B,  is  moving  with  mo nentum  -k  relative  to  the 

center  of  mass  of  the  whole  system.  The  velocity  of  R  (final  nucleus) 
is 


'^e  --    -   '(fik^„  -^P      ■  <"'' 


The  velocity  of  the  neutron  is 

Then  the  velocity  of  the  neutron  relative  to  the  cpnter  of  mass  of  P  is 
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and 


■=    J, ,  -  -j9^  i      =.  A  (115) 

±3  the  momentum  of  the  neutron  as  seen  by  the  center  of  mass  of  D. 

Hence,   l^'^OI   is  the  probability  that  A  moving  with  momentum  -k, 

d 

will  capture  a  neutron  of  momentum  k ,  -k  so  that  B  moves  off  with 

momentum  -k  . 
P 

B.  Deuteron  Factor. — If  the  eigenfunction  of  a  particle  in 
the  eigenstate  is  X^{S)    then  the  probability  that  the  particle  in 
this  state  will  be  found  with  momentum  K  is 

pa)  -<  jy'e-"'^'^  x(s)  dsY  (116) 

since   C-/       Is  the  momentum  eigenfunction.  Thus  the  deuteron 
factor  is  proportional  to  the  probabilit:/-  that  the  neutron  in  the  deu- 
teron will  be  found  with  K  relative  to  the  center  of  mass  of  the  deu- 
teron. 

To  make  this  clear,  consider  the  deuteron  as  two  particle  sys- 
tems. If  the  deuteron  has  momentum  k,  its  wave  function  is 

_j       Q 
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where 


-^,  =  \{^  tJ-,-] 


S     ~ 


y< — ^r. 


P     • 


The  momentum  eigenfunction  for  the  neutron  and  proton  is 


(118) 


11?) 


Thus  the  probability  that  the  neutron  and  proton  have  k  and  k  in  the 

P  n 

deuteron  having  morr.entum  k  .  is 


(120) 


Changing  variables  to 


^   =     ^-^.. 


^-^p 


(121) 


we  obtain 


PaX)  =.  |/e^f-^-^-'^^)-^d|/e--CA-4i;-j.|^ 


(122) 


I 


» 
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The  first  integral  is  proportional  to  the  Dirac  delta  function  which  is 


zero  unless    ^^   =  ^  "^^p  ,  thus  expressing  the  fact  that 

momentum  must  be  conserved.  Therefore, 


■=<  P(k)   ^  (123) 

which  is  the  same  as  befoi^.  We  see  that  the  motion  of  the  deuteron 
makes  no  difference  in  computing  P( K)  as  long  as  momentum  is  conserved. 

C.  The  G(k)  Factor. — Consider  a  free  neutron  of  momentum  k 
coming  runder  the  influence  of  a  potential  V(r)  so  as  to  be  captured  into 
the  state  with  wave  function  "f  (.^)    .  The  wave  function  before  cap- 
ture  is   C2         .  Hence  the  Bom  approximation  for  the  capture 
probability  is 


-4 


(12/;) 


Here  the  center  of  mass  of  the  system  (neutron  plus  A  equals  to  B)  is 

taken  at  rest,  so  k  must  be  the  momentum  of  the  neutron  relative  to  the 

center  of  mass  of  B. 

Consider  the  neutron  and  A  as  two  particles  whose  center  of  mass 

is  not  at  rest,  but  moving  with  momentum  -k  .  Then,  the  initial  wave 

P 

function  is 
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where  the  neutron  has  momentxun 


Jk  -  A^  "-^p  (126) 


and  the  target  nucleus  has  momentum  -k,. 

a 

The  final  wave  function  is 

.  r  - 


e  —P^'B   y^;p^  (127) 


) 

where 


^8  -    -Y:;i —  (i«) 


is  the  center  of  mass  of  the  final  nucleus,  and  r  is  the  position 
vector  of  A.  The  matrix  element  is  then 


fe.^'^'-^'  fu)  vr^j 


e 


X    e.-^'-^^'^^    cj^  c/4         (1.9) 
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Let 


/^^    -^  ->r  (130) 


and 


f   '   ^A  ^^^^^ 


as  before.     The  matrix  element  beco/res 


/ 


Xjj(;f)y^e^^^''^''^'^^;^ 


(132) 


The  first  factor  is  proportional  to  the  delta  function  er(>^+/f?p"'J€i] 
requiring  )k.'Jf(p~Jk.\      .  Thus,  we  have, 

f'fU)V('r)e.''^-^<J;r   ^  (133) 


where 


i=I.l,,-.  1,-^1 


(131;) 


Hence      l^(Hk.)[      is  proportional  to  the  probatility  that  the  tarpet 
riuclp  IS  novinp  with  morr.entum  -k  ,  will    capture  a  neutrcn  moving  with 


momentum     J/Z  —  ^j  ~ yfi.  ^       to   foi-m  the  i'inal  nucleus  moving  with 


• 
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momentum  -kp.  Momentum  is  conserved  in  each  step  of  the  reaction,  but 
energy  is  conserved  only  between  the  initial  and  final  states.  That 
is,  energy  "borrowed"  to  form  the  neutron  from  the  deuteron  with  momen- 
tum ^  •z.Jkp-Jri^    is  paid  back  when  the  neutron  is  captured. 
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